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In situ particle generation in a southern Swedish stream'
Ab.struct-An increase in the number of particles was measured below a waterfall in a southern Swedish stream. POC increased below the falls by 0.12 mg C liter-', 5% of the total POC present. DOC decreased by 0. I mg C liter-' but was not significant and inorganic content remained unchanged. The number of Celloscope-measured particles in the size range of 2-20 km increased below the falls, with a 66% increase in particles of 4-6-pm diameter. Although POC generation was small it was greater than published allochthonous input rates to streams. Abiotic particle generation, although extremely difficult to measure, may be far more important to carbon dynamics in stream ecosystems than previously thought.
The transport, utilization, and commutation of dissolved organic carbon (DOC) and particulate organic carbon (POC) is central to understanding aquatic ecosystem dynamics. In marine systems POC can form from DOC following aeration and collapse of the resulting bubbles (Baylor and Sutcliffe 1963; Riley 1970; Johnson and Cooke 1980) . Laboratory studies of POC formation from organic leachates in freshwater have been reported (Lush and Hynes 1973) , but the extent and impact of this process in freshwater systems has been questioned (Saunders 1969) .
Several workers have suggested that the main mechanism of DOC utilization in stream systems is by biotic uptake by the microbial flora and that abiotic processes, although present, represent a lesser mechanism of DOC removal (Cummins et al. 1972; Mulholland 198 1; Dahm 198 1) . All studies of DOC uptake in streams have been experimental manipulations: the addition of an organic leachate to a microcosm (Cummins et al. 1972; Dahm 198 1) ; to a natural stream (Lush and Hynes 1978) ; the enclosure of natural DOC within the stream I Research supported by grants from the Swedish Environmental Protection Board, Natural Science Research Council, and the Society for the Conservation of Nature. A contribution from the Stream and Benthic Ecology Group of the University of Lund. (Mulholland 198 1) . In all, a certain measure of artificiality is introduced. Use of a leachate with a large labile component overestimates microbial activity and use of an enclosure underestimates physical processes known to be important to particle formation.
To determine directly the magnitude of abiotic processes in DOC-POC dynamics, I investigated in situ particle generation in a small, hard-water stream in southern Sweden by comparing DOC and POC above and below a waterfall. If particulate material is produced by dissolution of air bubbles which have trapped organic material at the bubble air-water interface, then areas of high bubble formation and dissolution should also be areas of particle formation and DOC reduction. I assumed that if the transport time between two locations was sufficiently short (within minutes) then biotic uptake and production could be ruled out as a mechanism. To check if the waterfall was the major determinant of particle production, I investigated additional points above and below the falls for POC and DOC change. The study was repeated on the same date in two succeeding years.
I thank my colleagues in the Stream and Benthic Ecology Group for their support during this study. C. Otto performed the DOC analysis and H. Berggren provided additional data on water chemistry. C. Dahm reviewed an earlier version of the manuscript and made several valuable comments.
The waterfall is at the 18th century mill site of Hallamijlla, on the Verkean River (55"45'N, 14'15'E) in Sweden. The Verkean begins on a Precambrian granitic gneiss overlain with glacial till and flows 36 km through its 149 km2 (70% woodland and 30% mixed agriculture) watershed before emptying into the Baltic. With a mean annual discharge of 1.3 m3 s-l the river is neutral and well buffered (pH 6.7-7.6, 57.1-167.9 mg CaCO, liter-'). It has a high specific conductance (130-257 hmho cm-') at 20°C supports a native brown trout (Salmo trutta) hatchery, and is one of the more pristine southern Swedish rivers.
Samples were taken about a week after leaffall on 11 November 1980 and 198 1 25 m above and 3 5 m below the falls. At 35 m below, the air bubbles generated directly beneath the falls were no longer visible and I assumed that most had either collapsed or dissolved. DOC was measured only in 1980. In both years, nine replicate 5-liter water samples were taken 10 cm below the surface at l-m intervals along the middle of the river above and below the falls. At 8 and 5 km above the falls and 10 km below, three additional 5-liter water samples were taken.
On the day samples were collected, 1 -liter amounts were passed through a l-mm standard sieve and then filtered onto precombusted glass-fiber filters (Gelman type A/E, 0.45-pm pore size). After drying to constant weight (5O"C, 48 h) the filters with residue were combusted (SOOOC, 2 h), allowed to cool in a desiccator, reweighed, and the dry weight (DW), ash-free dry weight (AFDW) and ash weight (AW) calculated. Control filters with 1 liter of distilled water were run in blocks of five and the averages subtracted from the experimental values. POC was calculated as 50% of the AFDW. DOC was determined in the filtrates (Beckman carbon analyzer model 915-B). The size distribution of the particles was determined in 2-pm increments (Celloscope 302) between 2 and 20 pm for three of the samples. Unless otherwise stated all comparisons between locations were made with the Mann-Whitney U-test (Siegel 1956 ).
There was an increase in POC from above to below the falls (Table 1 ). In 1980 the POC increased from 2.24 to 2.36 mg C liter-l (P < O.Ol), representing a 5.4% increase. In 198 1 POC increased from 0.70 to 0.76 mg C liter-l, an 8.6% increase. The proportional increase was larger in 198 1, but the absolute amount was near the detection limit of the method and not significant (P > 0.05). I will therefore concentrate on the 1980 data, which showed a significant increase in POC and about three times the POC of the following year. In 1980, DOC decreased from 14.3 + 1.2 mg C liter-l (mean and 95% C.L.) above the falls to 14.2 + 1.4 or a drop of 0.1 mg C liter-l (0.9 > P > 0.8). This decrease in DOC, although not significant, matches in magnitude the increase in POC.
On both occasions there was no difference (P > 0.05) in the ash weight (AW) of the particles from above and below the falls. Of the total 7.38 mg DW liter-' above the falls in 1980, 2.90 mg or 39% was ash. Of the total 7.57 mg DW liter-' below the falls in 1980,2.86 mg or 38% was ash. The organic content of the particles increased insignificantly, from 60.9% above to 62.9% below the falls (P > 0.05).
The lack of an increase in the ash content coupled with an increase in organic content in 1980 suggests that physical abrasion of the granitic gneiss of the falls was not contributing to the particulate load and that the increase in particles was solely by the addition of organic material. It also suggests that the process of particle formation was not by adsorption of DOC to CaCO, particles reported to occur in lakes (Otsuki and Wetzel 1973) and demonstrated in the lab- (18) 176 (14) 75 (14) 96 (10) 436) 50(4) 33 (4) 41 (6) 2X4) oratory (Lush and Hynes 1973) . The lower pH of the Verkean (pH < 8.0) also rules out a CaCO, adsorption mechanism (Otsuki and Wetzel 1973) .
In the size range of 2-20 pm, the mean diameter of particles decreased slightly from 10.92 pm above the falls to 10.38 below them (P > 0.05; t-test). Particles of all sizes increased in number and there was a significant (P < 0.05) increase in the 4-14-pm size classes below the falls ( Table 2 ). The largest proportional (66%) and absolute ( 1,38 5 particles ml-') increase occurred in particles of 4-6-pm diameter. By volume the largest increase was in the 8-lo-pm size class (Fig. 1) , representing 27% of the particles produced.
There are no reports of the size of particles produced by aeration mechanisms in freshwater. However, particles produced from air bubbles in the sea (Johnson and Cooke 1980) and from leachate at pH 7 in the laboratory (Lush and Hynes 1973) are in the same size range (4-6 pm) as the particles produced below the Hallamiilla falls.
The 3,034 particles ml-l generated by the falls in all size categories occupied 357 mm3 liter-l. If we assume that dissolved organic compounds were the major constituents of these particles and that they have a specific gravity similar to the stearic and oleic acids (0.941-0.895) used as models for particle production (Garrett 198 l), this particle volume represents 0.328 mg of particulate organic matter (POM) per liter. If we assume 50% carbon for organic matter, this reduces to 0.164 mg C liter-' POC produced by the falls. This is a slightly larger value than the gravimetric estimate of particle generation (0.12 mg C liter-').
The results above also help rule out the possibility that the observed particle increase occurred by resuspension of detritus from the pool bottom. Resuspended particles would have an ash content similar or higher than the particles in suspension, but particles below the falls had a slightly lower ash content. In order for resuspension to account for the seston increase of 0.2 mg DW liter-l, some 22.5 kg DW of detritus would have to be coming from the pool area under the falls (estimated to be about 100 m2) each day with a stream discharge of 1.3 m3 s-l. A value of 225 g DW detritus m-* is an unrealistic estimate of resuspension from the granitic debris found below the falls.
There was no difference (P > 0.05) between the stations either 5 km or 8 km upstream and that directly above the falls for any parameter -DW, AFDW, AW. There was also no difference between the station 10 km downstream and that directly beneath the falls. A measurable difference in particle concentration occurred only below the falls area. If biotic mechanisms were making a significant contribution to the particle increase, then similar increases would be expected in the other stretches of stream.
Both biotic and abiotic processes of particle formation from the DOC pool probably occur all along a river, but these have been difficult to measure in natural systems. Longitudinal changes in DOC (Kaplan et al. 1980) and POC (Wallace et al. 1982) have not been observed along a stream. Either such changes do not occur or they are concealed by other spatial and temporal variation. Only recently have seasonal and diel DOC changes been distinguished in a stream (Kaplan and Bott 1982) .
That a waterfall produces particles is not particularly surprising. Lush and Hynes (1973) had the same idea and looked for an increase in particles below a waterfall. They were unable to demonstrate any increase and suggested that the increase, if it existed, was hidden by the natural variation of the particles in suspension. In my study, nine replicates and sampling directly after leaffall helped to expose an increase in POC in one of two years. There was no statistical change in DOC: the change of 0.1 mg C liter-l represents only 0.8% of the total DOC poola value clearly well below both analytical and sample variance.
If only a small number of particles is produced and only a small portion of the DOC pool is collapsed into particles, then we may ask what limits this process and why more DOC is not converted into particles. Both size and age of bubbles are thought to affect the production of particles in seawater (Garrett 198 1). Jarvis (1967) studied the accrual of organic matter at the sea-air interface in a static system and concluded that it would take several hours for sufficient surface tension to develop. Although the time required for an organic film to form on a moving bubble may be faster than in a static system, it is not known how fast this process will be (Garrett 198 1) . Lush and Hynes (1973) recorded particle formation under agitation as a linear increase in particles in time; their shortest time was 10 h, which suggests that the rather brief intervals below a falls would result in a low efficiency of particle production. The size of the bubble also will determine the efficiency of particle production. Garrett (198 l) , using the data of Johnson and Cooke (1980) , reported that a bubble of 100 pm collected about 4.5 times as much organic material per unit of surface area as a bubble 40 pm in diameter. However, bubble scrubbing of heavy metals in sewage treatment plants is a well known process and would have time and bubble size dimensions similar to those in natural systems. The depth of the pools below each cascade in the Verkean River is no more than several meters and the length of time for a bubble to reach the surface is seconds, not hours. The bubbles can be seen as a white cloud below each cascade which disappears within seconds downstream. Apparently, this is sufficient time for particles to form, but the number of particles and the amount of DOC involved is small.
If we accept 0.1 mg C liter-' as an estimate of abiotic DOC loss then DOC loss per unit area and time can be calculated from the river discharge and the area between the two sample locations. The DOC decrease when multiplied by a discharge of 1.3 m3 s-1 represents 0.5 kg C h-l. The sample locations were separated by about 250 m of stream (mean width 30 m) or a total area of 7,500 m*. If we assume that the uptake of carbon was spread out over this area and was due solely to particle generation by the falls, this is equivalent to 62.4 mg C m-2 h-l. This is a minimumn estimate since the actual spill area of the falls was not >, 100 m2.
Dahm (198 1) found published values for rates of microbial uptake of leaf leachate per unit area in both microcosm and field experiments to range from 10 to 442 mg C m-2 h-l. This overlaps the value I have calculated for abiotic particle generation. As Dahm pointed out, the reported rates are dependent on the length of time the study is allowed to run and the concentration of DOC added. The type of material used is also important. Brief intervals measure the rather rapid removal of labile organic compounds, which probably occurs in the first few minutes of a study. Most previous workers have investigated the disappearance of leachates in an attempt to determine the rates of microbial uptake of allochthonous solutes and not the actual uptake rate from the DOC pool (but see Mulholland 198 1) . The uptake rates of leachate would be faster than those for naturally occurring DOC, which is why my estimated rate lies in the lower end of the published values. Cummins et al. (1983) in their analysis of stream watershed budgets reported values of 2,300-3,200 kcal rnp2 yr-1 for particulate input to three streams, WS 10, Augusta Creek, and Bear Brook-all similar to the Verkean. If these data are converted to carbon with a conversion factor for the caloric value of detritus of 4.8 kcal g AFDW-l (Cummins and Wuycheck 197 1) and a 50% carbon value for AFDW, the data are equivalent to 0.66-0.92 g rnp2 d-l for the POC input to small forested streams. In my study, there was an increase in POC below the falls of 0.12 mg C liter-l. When multiplied by discharge (1.3 m3 s-l) and expressed over the sample area (7,500 m-*), this represents 1.8 g C m-2 d-l, or about twice the rate of allochthonous particulate input reported by Cummins et al. (1983) .
The particle production ability of this section of stream is probably higher than that in most sections of the Verkean due to the + effect of the falls. However, both the DOC decrease and POC increase suggest that abiotic particle production in turbulent areas of streams may be an important mechanism in stream carbon dynamics that has been underestimated previously. Even very small and probably undetectable changes in concentration will have a very large influence on the total system budget. The biological importance of these particles has already been shown for marine organisms (Baylor and Sutcliffe 1963) , and Wotton (1984) has suggested that fine particles (< 10 pm) produced by aggregation mechanisms will be of higher nutritive value to freshwater organisms than those produced by organic material disintegration. Therefore not only are particles produced from DOC important to total system energetics, but the type of particle may play a disproportionately large role in system control. The dry valleys of southern Victoria Land, Antarctica, contain several perennially icecovered lakes (Heywood 1977; Hobbie 1984) . The biota in these lakes consists solely of microbial planktonic and benthic communities. The plankton includes bacteria, algae, yeasts, and ciliates (Parker et al. 1982a) . The benthos consists of microbial mats. A unique feature of many of the benthic mats is their development into modern, cold, freshwater stromatolites. Consequently, they are of considerable interest as an-* This research was supported by the NSF, Division of Polar Programs (DPP 79-23996 and DPP 80-12988). alogs of the once abundant Precambrian stromatolites (Parker et al. 198 1; Wharton et al. 1982 Wharton et al. , 1983 .
Seasonal data from several of the lakes in this region have shown persistently supersaturated O2 levels (Parker et al. 1982a) . The effects of the high O2 level on the biota have been discussed elsewhere, and the ice cover has been implicated as the causative agent in accumulating 0, in the lakes (Parker et al. 198 1, 1982a; Wharton et al. 1983; Mike11 et al. 1984) . However, the dynamics of O2 flow through the lakes has not been addressed. We report here a bulk 0, budget, quantify the sources and sink of 02, and discuss the basis for O2 supersaturation in Lake Hoare, Antarctica.
We thank numerous field and laboratory personnel for assistance in obtaining O2 data during the austral summers of 1978-1982 and D. Des Marais and J. Hobbie for comments on the manuscript. Lake Hoare (77"38'S, 162'53'E) is at the eastern end of Taylor Valley in southern Victoria Land, Antarctica. It is 58 m above sea level, 34 m deep, 4.1 km long, 1.0 km wide, and has a surface area of 1.8 km2. This latitude receives about 4 months each of daylight, twilight, and darkness. The peren-
